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The magnetic field dependence of the resistance of (BEDT-TTF)2MHg(SCN)4[M=K,Rb,Tl] in the
density-wave phase is explained in terms of a simple model involving magnetic breakdown and a
reconstructed Fermi surface. The theory is compared to measurements in pulsed magnetic fields up
to 51 T. The value implied for the scattering time is consistent with independent determinations.
The energy gap associated with the density-wave phase is deduced from the magnetic breakdown
field. Our results have important implications for the phase diagram.
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Conducting organic molecular crystals based on the
BEDT-TTF and TMTSF molecules are novel low-
dimensional electronic systems.1,2 The family (BEDT-
TTF)2MHg(SCN)4[M=K,Rb,Tl,NH4] are of particular
interest because they have a rich phase diagram and coex-
isting quasi-one-dimensional and quasi-two-dimensional
Fermi surfaces. Metallic, superconducting, and density-
wave phases are possible, depending on temperature,
pressure, magnetic field, and anion type.2 At ambient
pressure, the family with M= K,Rb,Tl undergo a tran-
sition from a metal to a density-wave (DW) phase at a
temperature TDW = 8, 9, and 12 K, respectively. There is
currently controversy as to whether this is a spin-density
wave or a charge-density wave.3,4,5,6 This phase is de-
stroyed above a magnetic field, Hk, known as the kink
field (for M=K,Tl, and Rb, Hk = 23, 27, and 32 T,
respectively).2,7
The purpose of this Rapid Communication is to present
new measurements of the field dependence of the magne-
toresistance up to 51 T and explain this dependence in
terms of magnetic breakdown and a reconstructed Fermi
surface in the DW phase. The field dependence has the
following features (compare Figure 1). (1) At low fields
the resistance increases rapidly up to Hmax ∼ 15T. The
maximum resistance is roughly an order of magnitude
larger than the zero field resistance. (2) The resistance
then decreases with increasing field. (3) Above about 30
T the background (non-oscillating) resistance saturates
to a value much larger than the zero-field resistance. (4)
At low temperatures hysteresis is seen near the kink field.
This is because destruction of the DW phase is a first or-
der transition at low temperatures. (5) The maximum
resistance increases and Hmax decreases as the tempera-
ture is lowered. Measurements on poorer quality samples
give smaller maximum resistance.8,9 (6) As the angle be-
tween the field and the conducting planes is increased
Hmax increases
5,10,11,12 but Hk does not vary.
5,11
The measurements shown in Figure 1 were made at the
Australian National Pulsed Magnet Laboratory.13 Sam-
ples were studied in a top loading 3He refrigerator and
aligned so the magnetic field was in the least-conducting
direction (the b axis). The voltage and current were also
along the b axis. The magnet system was pulsed up to
51 T with a duration of 20 ms. Measurements were made
with dc constant current (80-200 µ A) sources and low
noise, differential pre-amplifiers. Pick-up from the dB/dt
term was never more than 50% of the signal above 25 T.
The pick-up term was eliminated from the data by aver-
aging forward and reverse current traces. A RuO2 ther-
mometer mounted within 5 mm of the sample was used
to monitor the temperature before and after each pulse.
No systematic changes in temperature were observed as a
result of the pulse. Preliminary data for a single temper-
ature was briefly reported elsewhere.14,15 Similar results
have been obtained by other groups on the K and Tl salts
in fields up to 30T8,9,10,16,17 and on K up to 50T.18
The room-temperature Fermi surface of
(BEDT-TTF)2MHg(SCN)4[M=K,Rb,Tl] in the conduct-
ing plane, calculated within a tight binding model19,20
is shown in the inset of Figure 2. There is a cylindri-
cal or quasi-two-dimensional hole Fermi surface and a
quasi-one-dimensional electron Fermi surface consisting
of two warped sheets. It is believed that the nesting of
the quasi-one-dimensional Fermi surface is responsible for
the formation of the DW phase. The DW introduces a
new periodic potential with wavevectorQ into the system
resulting in reconstruction of the quasi-two-dimensional
Fermi surface. Two different reconstructions of the Fermi
1
surface have been proposed22,23 and are described below.
We shall focus on the one shown in Figure 2, purely for
reasons of calculational simplicity. We show here that if
magnetic breakdown, which causes the holes to return to
their original unreconstructed closed orbits, is taken into
account the complete field dependence of the resistance
can be explained. Similar results are expected for the
second proposed Fermi surface.21
In the DW phase the large magnetoresistance oscillates
as the orientation of the magnetic field relative to the
most conducting planes is varied (angle-dependent mag-
netoresistance oscillations (AMRO)).2 To explain this ef-
fect a reconstructed Fermi surface consisting of of two
open sheets and many small “lens” orbits (Fig. 2) has
been proposed.22 The sheets give rise to a large magne-
toresistance, except when the current direction is per-
pendicular to the sheets. At low fields the magnetoresis-
tance will increase quadratically with field. This model
has been used to give a quantitative description of the
AMRO for fields up to about 15 T.24 However, these cal-
culations do not include magnetic breakdown and cannot
explain the decrease in resistance with increasing fields
above 15 T.
There are several problems with the Fermi surface re-
construction shown in Figure 2. The existence of open
sheets depends on a delicate balance between the size
and shape of the Fermi surface and the direction of
the DW wavevector. There is experimental23,25,26 and
theoretical27 evidence that the desired conditions are not
met. Uji et al.23 proposed an alternative reconstructed
Fermi surface with no open sheets. Compensated elec-
tron and hole pockets produce a large magnetoresistance
which will be reduced by magnetic breakdown.5 Due to
the above problems, Yoshioka28 proposed an explanation
for the AMRO that does not require reconstruction of
the Fermi surface.29
The effect of magnetic breakdown on magnetoresis-
tance has been considered in detail by Pippard30 and
Falicov and Sievert.31 They quantitatively described
the shape of the magnetoresistance curves for zinc and
magnesium,30,32 which are similar to those in Figure 1.
We have calculated the magnetoresistance for the model
Fermi surface shown in Figure 2 using the formalism of
Falicov and Sievert.31,33 The ratio of the resistance in a
field H , ρ(H), to the zero field resistance, ρ0, depends on
the dimensionless quantities H/H0 and eH0τ/m
∗ where
τ is the scattering time (assumed to be the same at all
points on the Fermi surface), e is the electronic charge,
m∗ the effective mass, and H0 is the magnetic breakdown
field30
H0 =
piE2g
2eh¯v2F sin 2θ
(1)
where Eg is the energy gap and vF is the Fermi velocity
and cos θ = Q/2kF .
34 The probability of magnetic break-
down occurring (i.e., a hole tunnelling between the two
pieces of Fermi surface) is exp(−H0/H). At high fields
(H ≫ H0) complete breakdown occurs, the holes simply
perform closed orbits and the resistance is independent
of field and for the model Fermi surface (with θ = pi/4)31
ρ∞ = ρ0
(
1 +
4eH0τ
pim∗
)
. (2)
The holes experience an effective scattering rate31 τ−1 +
4eH0/pim
∗ where the second term represents additional
scattering due to magnetic breakdown.35
Figure 3 shows the field dependence of the resistance
for values of eH0τ/m
∗ ranging from 10 to 100. The cur-
rent is parallel to the open Fermi surface and the field
is perpendicular to the plane. No magneto-oscillations
are present because the model is semiclassical. Note the
following features, all similar to that observed in (BEDT-
TTF)2MHg(SCN)4[M=K,Rb,Tl]. (1) For low fields the
resistance increases quadratically with field. (2) There
is a maximum at a field Hmax. (3) Above about 0.8H0
the resistance depends weakly on the field and on the
scattering rate. (4) As the scattering rate decreases the
maximum value of the resistance increases and Hmax de-
creases.
It should be noted that the current orientation in our
calculation is not the same as in the experiment. In the
experiment the current and field were set parallel to the
least conducting direction, as others have done, because
this produces a large signal to noise ratio. In such a
configuration no Lorentz force acts on the electrons and
so no classical magnetoresistance and no oscillations are
expected. Yet, for reasons that are not understood,5 the
data is similar to that seen when the current is in the
most conducting plane.8,9,10,36
Comparing our data for Tl to the theory gives val-
ues for τ and H0 of (3 ± 2) × 10
−12 sec and 60 ± 20
T, respectively. The value of τ corresponds to a Dingle
temperature of 0.4 ± 0.3 K. This value is comparable
to values of about 0.2 K deduced from the field depen-
dence of SdH and dHvA oscillations above HK for the
K salt.37 This value is much smaller than the values of
about 3-4 K deduced from the field dependence of the
oscillations below HK .
37 This may be reasonable because
the field dependence of the closed hole orbit (also known
as the α orbit) below HK will be dominated by magnetic
breakdown and not scattering.38
The temperature dependence of the magnetoresistance
might appear to be due to the temperature dependence
of the scattering rate. If so the scattering rate in the
Tl salt should change by a factor of about two as the
temperature changes from 0.36 to 4.4 K. However, no
such change is observed in the zero field resistance.39
The deduced value of H0 and (1) gives a value for Eg
of 10 ± 2 meV.40 It is important to note that the same
periodic potential (due to the DW wave) reconstructs
the hole Fermi surface and produces an energy gap E1
on the quasi-one-dimensional electron Fermi surface. El-
ementary band theory41 implies E1 = Eg. As far as
we are aware E1 has not been determined previously.
2
A rough estimate of this gap can be made by noting
that for a quasi-one-dimensional system (with no coex-
isting two-dimensional Fermi surface) mean-field theory
implies E1 = 3.52kBTDW . A transition temperature of
TDW = 9 K gives E1 = 3 meV. However, in typical quasi-
one-dimensional materials the gap is actually two to five
times that predicted by this relation (see Table II in Ref.
42), probably due to fluctuations reducing the transition
temperature. Hence the value we deduce for the break-
down field is quite reasonable. For the Rb salt we deduce
a slightly larger value ofH0, and thus E1, consistent with
the trend in transition temperatures (9 K versus 12 K).
That we can describe the field dependence of the re-
sistance using the magnetic breakdown model applied to
the reconstructed Fermi surface has important implica-
tions for the phase diagram and what one deduces from
magnetoresistance measurements. Within our framework
the transition at the kink field represents only a small
change in the magnetoresistance. In contrast, for the Tl
salt it has been suggested that because the resistance de-
creases between Hmax and Hk this field region represents
a different phase.9,36 Also, it has been suggested that
the absence of AMRO above Hk denotes destruction of
the reconstructed Fermi surface.18 However, within our
model this may not be the case: the Fermi surface may
still be reconstructed but due to magnetic breakdown
the open Fermi surface has little effect on the resistance.
The question of the nature of the high field phase will be
considered in more detail elsewhere.6
In conclusion, we have presented measurements of
the field and temperature dependence of the resistance
of (BEDT-TTF)2MHg(SCN)4[M=Rb,Tl] up to 51T and
shown how the field dependence can be explained in
terms of magnetic breakdown and a reconstructed Fermi
surface in the density-wave phase. Our successful expla-
nation has important implications for the phase diagram.
It is not necessary to assume that there is a new phase
between Hmax and Hk, and the high field phase may not
be the same as the zero field metallic phase.
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FIG. 1. Magnetic field dependence of the resistance of
(BEDT-TTF)2MHg(SCN)4 at different temperatures for (a)
M=Tl and (b) M=Rb. The pulsed magnetic field and the cur-
rent direction were parallel to the least-conducting direction.
Note that the resistance increases rapidly up to about 15T,
then decreases until about 30T. The inset of (a) shows two
curves corresponding to up and down sweeps of the magnetic
field. They do not coincide near 27T (the ”kink field”) due
to hysteresis associated with the first order transition there.
For clarity only down sweeps are shown in the main Figure.
The measurements on Tl were four terminal and those on Rb
were two terminal with a large contact resistance.
FIG. 2. One possible reconstruction of the Fermi surface
by the periodic potential due to the density wave. The inset
shows the calculated Fermi surface for the Tl salt20,27 at room
temperature. It consists of quasi-two-dimensional cylinders
for holes and quasi-one-dimensional open sheets for electrons.
The main figure shows the reconstructed hole Fermi surface
used in our calculations. It now comprises open orbits and
closed orbits. The former produce a large magnetoresistance
at low fields. At high fields magnetic breakdown results in
only closed orbits (dashed lines). The open electron Fermi
surface shown in the inset disappears due to the opening of
an energy gap.
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FIG. 3. Magnetic field dependence of the resistance for the
Falicov-Sievert model with the Fermi surface shown in Figure
2. The calculation is for a field perpendicular to the plane
and the current parallel to the open sheet of the reconstructed
Fermi surface. The upper curves correspond to larger scatter-
ing times τ , i.e., lower temperatures or higher quality samples.
The magnetic field is normalised to the magnetic breakdown
field H0 defined in Eq. (1). The resistance is normalised to
its value at high fields given by Eq. (2). A similar field depen-
dence is expected for the alternative Fermi surface proposed
by Uji et al.23
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